in muscle, suppresses growth in skeletal muscle and its inhibition leads to muscle hypertrophy. Myostatin levels are increased in patients with chronic skeletal muscle wasting diseases, such as CKD, chronic liver disease, or chronic heart failure [2] [3] [4] . Conversely, higher myostatin levels are associated with higher muscle mass in peritoneal dialysis (PD) patients [5] . It is not clear that myostatin levels are increased to prevent decreases in muscle mass in dialysis patients. Increased myostatin is associated with vascular inflammation and atherosclerotic changes [6, 7] . However, there are few clinical data related to associated vascular calcification (VC) and no data regarding mortality available to date.
VC, a phenotype of vascular aging, is common in dialysis patients with longer dialysis histories and increases the risk of morbidity and mortality in these patients. Previous studies have shown that the abdominal aortic calcification (AAC) score on plain radiography has a very good correlation with the identification of coronary artery calcification and low bone mass, which are risk factors for mortality [8, 9] . A previous human study reported that serum myostatin levels were negatively associated with AAC in older males [10] . However, no research has been conducted on the relationship between myostatin levels and AAC in dialysis patients at this time, to our knowledge. The aim of this study was therefore to assess the association between serum myostatin level and AAC in dialysis patients. In addition, we analyzed the relationship between serum myostatin level, muscle mass, and bone mineral density (BMD).
Methods

Study design and patients
We conducted a cross-sectional study at the Dong-A University Dialysis Center from March 2013 to September 2014. Patients who had been undergoing dialysis for at least six months and who were older than 20 years of age were enrolled. Those who had malignancies or active inflammatory diseases within the past three months were excluded. Enrolled patients were assessed based on plain radiographs. Hemodialysis (HD) patients were dialyzed three times per week through bicarbonate-based dialysate and polysulfone dialyzers (Fresenius, Bad Homburg, Germany). PD patients received four exchanges per day using a standard regimen (8 L/day).
This study was approved by the Dong-A University Institutional Review Board (approval no. DAUHIRB-17-011). Informed consent was obtained from all of the study participants. All data were anonymized and deidentified prior to analysis. Investigations were performed in accordance with the Declaration of Helsinki.
Laboratory measurements
Routine laboratory tests were performed using fasting blood samples in PD patients and collected blood prior to HD. Serum levels of hemoglobin, glucose, blood urea nitrogen, creatinine, albumin, calcium, phosphorus, alkaline phosphatase, C-reactive protein, parathyroid hormone (PTH), total cholesterol, and triglycerides were evaluated. Blood myostatin levels were analyzed using a commercially available competitive enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems Inc., Minneapolis, NM, USA) based on monoclonal antibodies raised against the recombinant factor. We classified patients into two groups according to the median value of myostatin, as follows: those with high myostatin levels (≥ 5.0 ng/mL) and those with low myostatin levels (< 5.0 ng/mL). Fetuin-A, osteoprotegerin (OPG), and receptor activator of nuclear factor kappa B ligand (RANKL) levels were measured by ELISA (BioVendor Laboratory Medicine, Brno, Czech Republic). Fibroblast growth factor 23 (FGF-23) levels were measured using a Millipore FGF-23 ELISA kit (EMD Millipore, Burlington, MA, USA). We measured testosterone and estrogen levels using a radioimmunoassay approach.
Vascular calcification score on plain radiography
Plain radiographs of the lateral lumbar spine were evaluated for AAC. AAC was scored using a previously reported method according to the location and degree of calcification in individual lumbar vertebral segments from L1 to L4 [11, 12] . These scores were summarized in two ways. First, there was a composite score for an anteroposterior severity, which is calculated including aortic segment scores for both the anterior and posterior walls (maximum score: 24 points). Second, there was an affected segment score denoting the total number of aortic segments showing any level of calcification (maximum www.krcp-ksn.org score: 4 points). It has been reported that an AAC score of five or more points out of 24 points increases the risk of cardiovascular disease [12] [13] [14] . Two nephrologists individually determined the AAC scores, and a consensus was achieved for all radiograph interpretations.
Body composition assessment and BMD
Twenty patients underwent an assessment of their body composition, either at the time of or within six months of blood sampling. Body composition was assessed using an X-scan Plus II body composition analyzer (Jawon Medical Co., Ltd., Gyeongsan, Korea). Appendicular skeletal muscle mass was defined as the sum of the lean masses for both arms and legs [15] . The appendicular skeletal muscle index was calculated as follows: appendicular skeletal muscle mass index (ASMI) = appendicular skeletal muscle mass/height 2 . It is expressed in kilograms per meter squared. BMD was measured for the femur neck, total hip, and lumbar spine (L1-L4) by the means of dual-energy X-ray absorptiometry using a Discovery W scanner (Hologic Inc., Waltham, MA, USA). BMD results were obtained as a T-score; the T-score indicates the number of standard deviations (SDs) from the mean value of a healthy young adult population (age: 20-40 years).
Statistical analysis
Data were expressed as means ± SDs and medians (interquartile ranges) as appropriate. The subjects' characteristics were analyzed using a Student's t test if 
Results
Clinical characteristics were in accordance with myostatin level
In all, 71 dialysis patients were enrolled in this study. The baseline characteristics of these participants are shown in Table 1 . The mean age was 58.9 ± 11.2 years, and 39 patients (54.9%) were male. Our study included 37 HD patients and 34 PD patients, and the median myostatin level in these individuals was 5.0 ng/mL.
Patients with low myostatin levels were typically older and included a lower proportion of males and PD patients among them ( Table 1 ). The proportion of patients with an AAC score of five or more points was significantly higher in the group with low myostatin levels than in the group with high myostatin levels. No significant differences in the laboratory findings including PTH, fetuin-A, FGF-23, RANKL, and OPG results, were found between the two groups.
Clinical characteristics were in accordance with AAC score on plain radiography
The median myostatin level for patients with AAC www.krcp-ksn.org scores of five or more points was 4.1 ng/mL, whereas that for patients with AAC scores of less than five points was 5.8 ng/mL ( Table 2) . Patients with AAC scores of five or more points were typically older with a higher proportion of HD patients with longer dialysis timelines as compared with those with AAC scores of less than five points. Among several bone markers, the levels of FGF-23 and OPG were significantly higher among patients with AAC scores of five or more points than those with AAC scores of less than five points. However, no significant differences in laboratory findings including PTH, fetuin-A, and RANKL were found between the groups.
Comparison between myostatin levels and T-scores for BMD
We compared the mean T-score for BMD according to myostatin level. The mean T-score for BMD measured at the femur neck was relatively lower than that for BMD assessed at the total hip or lumbar spine (-1.7 ± 1.0, -1.0 ± 1.0, and -0.6 ± 1.7, respectively). The T-scores for BMD measurements taken at the femur neck and total hip in patients with low myostatin levels were significantly lower than those in patients with high myostatin levels; however, there were no significant differences in the Tscore for BMD measurements taken at the lumbar spine between the two groups ( Fig. 1) .
Association between myostatin level, AAC score, and clinical parameters
A significant correlation was observed between myostatin level, AAC score, and related parameters ( Table  3) . AAC score showed a significantly negative correlation with myostatin level (r = -0.426, P < 0.001; Fig. 2 ). Meanwhile, a positive relationship between ASMI value and myostatin level was found (r = 0.516, P = 0.020; Fig.  3) . T-scores for BMD measured at the total hip, femur neck, and lumbar spine all had a significantly positive association with myostatin level. No significant correlations were observed between myostatin level and OPG, FGF-23, fetuin-A, and RANKL, respectively.
Independent factors associated with myostatin level and AAC score
On univariate logistic regression analysis, age, sex, dialysis modality, and AAC score of five points or more were found to be associated with high myostatin levels. To confirm the predictors for myostatin level, we performed a multiple logistic regression analysis (Table 4 ). Lower myostatin levels were independently associated with higher AAC scores following adjustment for age, sex, diabetes mellitus, dialysis vintage, dialysis modality, and OPG level. In addition, higher AAC scores were indepen- www.krcp-ksn.org dently associated with lower myostatin levels ( Supplementary Table 1 ; available online).
Discussion
VC is a well-known complication of end-stage renal disease. Several markers such as OPG, RANKL, fetuin-A, and FGF-23 act as VC inhibitors or inducers, but the role of myostatin as a VC inhibitor or inducer is unclear. In this study, myostatin levels were negatively associated with AAC scores on lateral lumbar spine radiographs. Patients with high myostatin levels had lower AAC scores than did those with low myostatin levels, indicating potentially favorable effects on VC in dialysis patients. Szulc et al [10] reported previously in the Structure of the Aging Men's Bones (STRAMBO) study that older males with AAC have lower myostatin levels than those without AAC. Generally, the expression of myostatin and the severity of vascular damage show a positive correlation. In mice with myostatin deficiencies, bone marrow-derived mesenchymal stem cells showed increased osteogenic differentiation through the regulation of osteogenic factors [16] . Lesser muscle mass and greater fat mass are associated with a higher prevalence of VC [17] . In this regard, VC may frequently occur when muscle mass decreases. It is necessary to monitor the continuous changes in myostatin levels relating to skeletal muscle mass effects on VC incidence or progression in dialysis patients.
Muscle wasting with high myostatin levels is found in the general population [18, 19] . Blood myostatin levels are increased according to the decline of renal function [20] and myostatin may be a main mediator of CKD-related sarcopenia. However, we found that higher serum myostatin levels are associated with higher muscle mass in dialysis patients. Similar data findings regarding muscle mass and myostatin level have previously been reported in PD patients [5] . In our study, skeletal muscle mass calculated using the ASMI approach was positively associated with myostatin level, indicating that myostatin level is partially determined by muscle mass in dialysis patients. Myostatin is expressed in the heart and adipose tissue but is mainly synthesized and excreted by skeletal muscles [21] [22] [23] . It is presumed that myostatin production itself can be decreased when muscle mass is decreased in dialysis patients. It is noteworthy that myostatin levels are high enough in dialysis patients, as these individuals are advanced CKD patients. Therefore, lower myostatin levels may reflect relatively decreased intact muscle mass, which synthesizes and excretes myostatin in dialysis patients. This finding may also represent another reverse epidemiology which higher myostatin levels indicate higher muscle mass, such as in the case of higher cholesterol levels indicating good nutritional status in dialysis patients [24] . In comparison, higher levels of both markers are harmful in predialysis CKD patients. However, decreasing myostatin levels without changing muscle mass by with exercise or high flux dialysis was found to be beneficial for improving muscle power in HD patients [25, 26] . The exact roles of myostatin and its mechanisms related to muscle mass are unknown. Further prospective studies are needed to validate these findings in predialysis and dialysis CKD patients. It is necessary to monitor myostatin levels from predialysis periods through longterm dialysis periods.
In this study, the BMD at the femur neck was relatively lower than that at the total hip or lumbar spine. Since BMD at the spine is disturbed by artifacts like VC and peritoneal fluid in dialysis patients, overall bone density can be overestimated [27] . For this reason, errors may occur in interpreting the BMD in dialysis patients. Nonetheless, BMD is still a useful method for diagnosing bone loss and predicting fracture, even in dialysis patients. VC is related with osteoblast-like cell differentiation from vascular smooth muscle cells and calcium may precipitate toward vessels instead of bone, especially in dialysis patients with adynamic bone disease. Therefore, VC is closely associated with BMD. In addition, the relationship between bone and muscle is still unclear. In a previous study with myostatin-knockout mice, muscle mass and BMD at the femur reportedly increased as compared with in control mice [28] . In a study from China, total myostatin levels were positively associated with BMD, although they no longer were correlated with BMD after adjusting for lean body mass [29] . In our study, patients with high myostatin levels had higher T-scores when BMD was measured at the femur neck or total hip. Like the connection of myostatin level with muscle mass in dialysis patients, the relationship between T-score for BMD and muscle mass is assumed. We suspect that myostatin does not decrease AAC or increase bone density. We suggest that higher myostatin levels simply reflect muscle mass and relatively maintained muscle mass may be re-lated to lower AAC values and higher T-scores for BMD in dialysis patients. Further studies are warranted to identify any cross-linkages between bone, muscle, and VC.
According to this study, PD may be a better modality than HD for maintaining high myostatin levels. However, PD patients enrolled in this study had significantly lower dialysis durations (34.5 ± 27.7 vs. 55.7 ± 40.8 months; P = 0.012), reflecting smaller periods of time until myostatin levels decreased compared to HD patients. Therefore, further prospective studies are necessary to confirm the effect of dialysis modality on myostatin level.
This study had some limitations. First, the power of this study was limited because of the relatively small number of participants. Second, the design of the study was cross-sectional. Lastly, muscle mass was measured in only a few patients and muscle strength or physical performance were not measured.
To our knowledge, this is the first report to demonstrate that myostatin level is associated with AAC score, muscle mass, and BMD in patients undergoing dialysis. Further prospective studies are needed to validate these findings including in large cohorts.
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